Objective: To evaluate cerebrovascular autoregulation as a function of arterial blood pressure (ABP) in the critically ill, premature infant.
Introduction
Vulnerability of the premature infant to neurologic injury has been attributed to immature vascular development exposed to the physiologic perturbations of extra-uterine life. Fragile vascular proliferation within the subependymal germinal matrix and incomplete vascular redundancy of the subcortical white matter predispose the neonate to both hemorrhage and ischemic injury. Not surprisingly, this relationship has resulted in conflicting evidence implicating high, low and fluctuant arterial blood pressure (ABP) as contributors to neonatal brain injury. [1] [2] [3] [4] [5] [6] [7] [8] Recently, the preponderance of this data has shown that low ABP is associated with neurologic injury, but optimal hemodynamic management of the premature infant remains elusive.
The healthy mammalian brain is protected from inadequate, excessive and fluctuant perfusion pressure by cerebral blood flow (CBF) pressure autoregulation (hereafter pressure autoregulation). Pressure autoregulation constrains CBF across a range of perfusion pressures, preventing swings of CBF sustained for longer than 10 to 20 s. In the last decade, significant progress has been achieved in developing methods to understand and monitor pressure autoregulation in the premature infant.
Near-infrared spectroscopy (NIRS) has emerged as a clinically viable modality to interrogate autoregulatory function in the neonatal brain. First described by Jobsis, 9, 10 NIRS is a non-invasive, non-ionizing light-based method to measure and trend venousweighted concentrations of oxygenated, reduced and total hemoglobin in tissue. The trend of total hemoglobin describes changes in vascular volume and has been used to measure vascular reactivity, the constriction and dilatation of the vascular tree that mediates autoregulation. 11 The difference between oxygenated and reduced hemoglobin, or the percentage of oxygen-saturated hemoglobin (cerebral oximetry) recorded by NIRS can be used as a surrogate for CBF to measure pressure autoregulation. 12, 13 In previous studies, pressure autoregulation in the premature infant was observed to fluctuate in time. 14 Multiple clinical parameters are suspected to cause impaired vascular reactivity and pressure autoregulation. ABP management is a prominent candidate to study in this regard, as it is imminently under the control of the neonatologist. 15 In this observational pilot study, pressure autoregulation was continuously monitored in premature infants using the cerebral oximetry index (COx). The COx is a moving, linear correlation coefficient between low frequency changes in ABP and cerebral oximetry measured with NIRS. 12 Positive values of COx indicate that cortical oxyhemoglobin saturation is passive to ABP, a state of impaired pressure autoregulation. A cutoff COx value of 0.5 was used to delineate intact from impaired states of autoregulation. COx monitoring yields repetitive assessments of pressure autoregulation with sufficient resolution to stratify results across ABP, describing optimal and suboptimal ranges of ABP in individual patients. We hypothesized that the COx would vary significantly across ABP in the premature infant during the course of routine Neonatal Intensive-Care Units critical care. Increased values of COx occurring at low ABP would be useful to define critical hypotension.
Methods
The Johns Hopkins Medicine Institutional Review Board approved this prospective, observational cohort study. As the NIRSmonitoring is not a routine for premature neonates in our institutions, written informed consent was obtained before enrollment in the study. Infants born p30 weeks estimated gestational age (EGA) by best obstetric estimate, at age <48 h, and requiring invasive umbilical-arterial catheter monitoring for routine Neonatal Intensive-Care Units care were eligible for enrollment. Extremely preterm subjects with gelatinous, unkeratinized skin were excluded to minimize any concern about the NIRS sensors causing any skin injury, giving a functional lower limit of 24 weeks EGA for enrollment. The NIRS infant sensors designed for this study were non-adhesive (CAS Medical, Branford, CT, USA). Infants were also excluded if there were any major congenital anomalies or brain anomalies, lack of parental consent and/or lack of clinical neonatology attending approval.
Routine neonatal intensive care
The neonatologists practiced standard Neonatal Intensive-Care Units care without regard to the subject's enrollment status. Infants received supplemental oxygen, continuous positive airway pressure and ventilator support depending on the dictates of their presentation and clinical course. Hemodynamic management, including the use of inotropic support was not dictated by the study. Institutional practice generally has been to institute dopamine, dobutamine and then epinephrine and/or hydrocortisone in additive sequence for hypotension, which is generally defined as ABP equivalent to the EGA plus five, in mmHg.
As per our protocol and the International Review Board's review, the practitioners were allowed to see the results of cerebral oximetry monitoring, reporting the percentage of oxygen-saturated hemoglobin in cortical tissue (S CT O 2 ). This may have introduced a change from standard practice by Hawthorne effect or by practitioner response to the oximeter values. Results of the autoregulation monitoring were not available to the providers, as they were recorded on a bedside computer with a locked display.
Waveform recording and filtering
Invasive ABP waveforms were sampled at 100 Hz from the analog output of the bedside monitor (Marquette Solar 8000: GE Healthcare, Piscataway, NJ, USA or Siemens SC 7000: Siemens Medical Systems, Danvers, MA, USA) through analog-to-digital converter (Data Translation, Marlboro, MA, USA) and ICM þ software (Cambridge University, Cambridge, UK). Non-adhesive sensors for the cerebral oximeter (Foresight; CAS Medical, Branford, CT, USA) were applied to the anterior scalp region unilaterally and held in place with a circumferential stretch bandage. The Foresight monitor reports S CT O 2 , which is (oxyhemoglobin)/(total hemoglobin) expressed as a percentage. This value is refreshed at 0.5 Hz and was recorded through digital rs232 output using ICM þ software in the same time-stamped file with the ABP recordings.
The ABP waveforms were filtered for artifact (for example, arterial blood gas sampling) by requiring the mean value in 10 s to be between 15 and 70 mm Hg. Lack of slow wave activity was defined as a mean ABP change less than 5 mm Hg in 300 s, and excessive slow wave activity was defined as a change in ABP greater than 20 mm Hg in 300 s. Non-physiologic changes in S CT O 2 (motion artifact) were defined as a change more than 5% saturation in 10 s. Values of ABP or S CT O 2 outside of these boundaries were replaced with null values and excluded from further analysis.
Autoregulation analysis ABP and S CT O 2 samples were resampled as paired 10-s mean values, a step that eliminates pulse and respiratory variation, leaving slow wave (<0.05 Hz) activity intact in the resampled waveforms. A Pearson's coefficient of correlation was performed between 30-paired samples of ABP and S CT O 2 with a requirement of 75% valid numeric paired values in each 300 s epoch (see Figure 1 ). The Pearson's coefficient of correlation between ABP and S CT O 2 is the COx and it is updated every 10 s by repetitive analysis of a moving 300 s window of waveform sampling. Each value of COx was recorded with an associated 300 s mean ABP.
Statistical analysis
An individual pressure autoregulation curve was constructed for each patient by grouping and averaging discrete values of COx according to the average ABP in 5 mm Hg bins. Bins with data from less than 1% of the recording time were excluded from analysis. This method has been described previously and has been used to delineate a range of ABP (or cerebral perfusion pressure when monitored) that results in intact (COx near 0) vs impaired (COx near 1) autoregulation (see examples of individual curvesFFigure 2). 16, 17 In a piglet model (using term animals) this method detects the lower limit of autoregulation when the value of COx exceeds 0.5 with a sensitivity of 89% (95% CI, 81-93%) and specificity of 81% (95% CI, 73-87%). 18 A composite pressure autoregulation curve was then constructed by combining individual subjects' curves into a single curve (a mean of mean values) with equal weight given to each subject's data set (see Figure 3) . A multiple linear regression model with generalized estimating equations and robust variance estimation was used to determine the significance of the variance of COx across ABP. This method was used to account for within-subject correlations and inconsistently repeated measures, as subjects experienced different ranges of ABP.
Chart review was performed to collect subject characteristic data, prenatal history, birth events, head ultrasound reports, (the timing of imaging was not dictated by enrollment), respiratory and hemodynamic support and co-morbidities. Descriptive statistics of the study variables were performed separately for the entire cohort, patients with and without intraventricular hemorrhage (IVH). There were only three neonates with severe IVH (grade III or IV), one with periventricular leukomalacia, and only two patients died, one with and one without IVH. Thus, there was insufficient data to create a meaningful 'severe' intracranial hemorrhage/death group. Study variables were compared between subjects with and without IVH in a univariate analysis and with the Mann-Whitney test or the w 2-test where appropriate. Because of the limited statistical significance of any differences between groups, a multivariate analysis was not performed.
ABP, S CT O 2 and COx values were expressed as means across the entire recording period, and the percentage of time with COx greater than 0.5, as well as the percentage of time with ABP less than EGA across the same period, were determined for each patient. These variables were tested for correlation in the cohort using the Spearman rank test.
Results
Subject characteristics are summarized in Table 1 . Between April 2008 and August 2009, a convenience sample of 23 subjects was enrolled from a total of 84 eligible subjects. Failure to enroll subjects was a consequence of no study team member available (55%), consent denied by parents (14%), clinical attending declined (4%), a technical data collection problem (21%) and miscellaneous (5%). The mean EGA was 26.7±1.4 weeks and the mean birth weight was 892 ± 200 grams. Males were overrepresented, comprising 78% of enrolled subjects. Apgar scores were 4 (3 to 7) at 1 min and 7 (5 to 8) at 5 min (median and interquartile range). Mothers of all but one subject (96%) received antepartum steroids, and 5 of 23 (22%) preterm neonates required cardiopulmonary resuscitation with chest compressions at birth. Neonatal subjects were enrolled at mean age of 0.6 ± 0.6 days. The mean duration of continuous autoregulation monitoring was 3.2±1.1 days (median: 2.97, range: 0.61-3.99). In all, 87% of subjects (20/23) were perceived to be hypotensive by their providers at some point during the monitoring period; of those 20, 17 (85%) were treated with dopamine and 2 (10%) received dobutamine. One subject each received an epinephrine infusion or hydrocortisone, but this occurred at 2 and 4 weeks after the autoregulation monitoring period, respectively. All subjects required mechanical ventilatory support for some or all of the autoregulation monitoring period. In all, 19 of 23 (83%) subjects were intubated and supported with mechanical ventilation at time of study entry; three others were on nasal continuous positive airway pressure and one on nasal cannula (two with no IVH, two with IVH). Before the study entry, the 19 intubated subjects had a mean (range) oxygenation index (fraction inspired O 2 Â mean airway pressure/ arterial oxygen tension) of 5.4 (1.7-23.7). A total of 13 subjects (57%) had no intracranial lesion detected on head ultrasound, whereas three subjects had severe IVH (grade III or IV) and another seven subjects had mild IVH (grade I or II). One subject had a head ultrasound diagnosis of periventricular leukomalacia, which was in association with a grade III hemorrhage.
Neither EGA, birthweight, Apgar scores, need for cardiopulmonary resuscitation and inotropic administration nor other co-morbid conditions assessed were significantly associated with the occurrence of intracranial lesion by univariate analysis. Measured values, including mean ABP, mean S CT O 2 and mean COx during the recording period, were not different when comparing subjects with and without IVH. The percentage of time spent with COx>0.5 and the percentage of time with ABP < EGA were also similar between groups. The use of high frequency oscillatory ventilation was marginally higher in the group with IVH (8/10 subjects) than in the group without any ultrasound-detected lesion (5/13 subjects; P ¼ 0.046).
Examples of individual graphs of cerebrovascular reactivity are shown in Figure 2 . The resulting data plots in these six subjects 
Discussion
The present study was intended to examine the relationship between ABP and pressure autoregulation in premature infants.
We hypothesized and found a significant relationship between low ABP and a pressure passive state of cerebral perfusion, evidenced by increases in the COx. The small sample size was insufficient to show the known relationships between EGA, birthweight, use of CPR or other co-morbid conditions, with the occurrence of intracranial hemorrhage. Because these associations have been demonstrated previously in the preterm population, we conclude that the study is underpowered to show association between impaired autoregulation and outcome. [19] [20] [21] The results of this pilot study are best understood in the context of recent advances in monitoring pressure autoregulation in the neonate.
Dynamic assessments of autoregulation have shown that, in normal subjects, CBF is initially passive to any change in arterial pressure. CBF then returns to normal values, with the transition occurring between 3 and 15 s and this response time is affected by resting vascular tone. 22, 23 Thus, pulse waves occur in passive frequencies, respiratory waves of ABP occur in the transition between passive and reactive frequencies, and slow waves of ABP occur in the reactive frequency bandwidth. 24, 25 Continuous monitoring of autoregulation requires a repetitive change in ABP at a frequency that is normally autoregulated and an assessment of CBF change at the same frequency. 26, 27 Frequency domain analysis can quantify ABP/CBF wave relationships in a frequency-specific manner. With frequency domain analysis, coherence describes the association between two waves without the requirement of synchrony, phase describes the synchrony of the waveforms and the gain of transfer function describes the degree of output in one wave for the degree of input from another wave.
Precedent work monitoring autoregulation in the neonate has been done in the frequency domain. Tsuji et al. 13 used the difference between oxygenated and reduced hemoglobin (Hg-D) to trend CBF, analyzing coherence between Hb-D and ABP in 30 min epochs for as long as 6 h a day. In their sample of 32-ventilated preterm neonates, coherence between Hb-D and ABP was associated with IVH (grade III or IV) or periventricular leukomalacia. This was followed by a study of 90 premature infants monitored for up to 12 h per day.
14 A pressure passive index was created for each subject, which was the percentage of 10-min epochs meeting the coherence threshold of coherence between ABP and Hb-D. A higher-pressure passive index was associated with markers of critical illness and hypotension, but not with IVH. The finding that pressure passivity is common in critically ill preterm neonates was recapitulated in the present study, which spent 28±13% of the recording time with a COx>0.5.
Wong et al. 28 examined both coherence and gain of transfer function between ABP and the tissue oxygenation index (% oxygenated hemoglobin in cortical tissue) in single-patient sessions lasting 2 to 4 h. Maximum coherence and gain at frequencies between 0.003 and 0.02 Hz (50 to 333 s periods) was associated with death in that report. Blood pressure and cerebrovascular autoregulation MM Gilmore et al O'Leary et al. 29 followed this result with a larger study of 88 premature neonates monitored for up to 12 h per day. Overall mean transfer gain between ABP and Hb-D was not associated with outcome, however, the highest quartile mean gain was associated with IVH. This result implies that more passivity during the worst states of impaired autoregulation is a vulnerability to IVH in the premature infant. Interestingly, the waveforms studied in the latter report are not generally considered slow waves, having shorter periods and they occur in the transitional bandwidth at the threshold of autoregulatory activity.
A separate methodology to monitor autoregulation has been developed, more predominantly in the adult neurosurgical literature, using a time domain analysis. With this method, waveforms are sampled in time, and simple coefficients of correlation are used to describe passive (positively correlated), unrelated (zero correlation) or reactive (negative correlation) relationships between ABP and surrogates of CBF or cerebral blood volume. 26, 27 Specificity to the slow wave frequencies is accomplished by application of a low pass filter before sampling and performing the correlation analysis.
We used S CT O 2 as a surrogate of CBF, and the time-domain (repetitive linear correlation) method to monitor autoregulation. S CT O 2 is similar to the tissue oxygenation index used by Wong et al. 28 Although S CT O 2 is a function of CBF, it is also affected by the cerebral metabolic rate of oxygen consumption, hematocrit and arterial oxygen saturation. The COx (similar to other NIRS-based autoregulation indices) requires an assumption that these confounding changes are occurring at rates much slower than the 300-s analysis intervals. Although this is generally a good assumption, the potential for fluctuant arterial oxygen saturation in an infant with respiratory distress is a major limitation for this study. Confidence in our results would be improved with integration of arterial oxygen saturation data to filter out periods of fluctuation.
Further, a major difference between our data and that of the previous work done in preterm neonates is the handling of periods where there is a phase delay between CBF and ABP changes. Timedomain correlation labels these periods as unrelated, with a coefficient near zero, or reactive, with a negative coefficient depending on the degree of phase shift. By contrast, coherence scores in this state are high, as synchrony is not required for coherence. The role of phase shift between slow waves of ABP and CBF in neonates has not been studied.
The present study was not powered to detect relationships with patient outcome and autoregulation. These relationships have already been established in the previously described studies. However, this study demonstrates a significant relationship between ABP and autoregulation, both in averaged values across the cohort and within individual subjects. Analysis of autoregulation across ABP is further limited in this study, and others cited by a lack of continuous input from other variables known to impact cerebrovascular tone, especially arterial CO 2 and O 2 tension, anesthetic use, temperature and hematocrit. The infants in our study could only have one side of the head monitored at a time, so we are unable to compare left and right-sided autoregulation responses when intracranial injuries were unilateral. No recommendation for a specific ABP that supports autoregulation can be made from this study, because of the bias created by the hemodynamic care practices at our institution. Providers attempted to maintain mean ABP>EGA þ 5, which for this group was functionally X30 mm Hg. Thus, periods of mean ABP <30 mm Hg occurring in this patient set were outside of the goal parameters of routine care, and therefore likely linked to other significant clinical events that impact autoregulation (such as sepsis, metabolic acidosis, bradycardia, etc).
A logical next step to determine if autoregulation monitoring can be of benefit to the premature infant is to combine and compare recorded waveforms from multiple institutions with divergent care practices to delineate relationships between hemodynamic management, the various metrics of autoregulation and the outcome.
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